Abstract Genetic factors, alone or in interaction with components of the diet, are thought to be involved in the development of the metabolic syndrome. The objective of our study was first to compare the frequency of the peroxisome proliferator-activated receptor (PPAR)a-L162V polymorphism in a sample of men with and without the metabolic syndrome as defined by the National Cholesterol Education Program-Adult Treatment Panel III (NCEP-ATPIII) guidelines, and secondly, to evaluate gene-diet interaction effects on features of the metabolic syndrome. The PPARa-L162V genotype was determined in a sample of 632 men by a polymerase chain reaction-restriction length polymorphism (PCR-RFLP)-based method; fat as well as saturated fat intakes were evaluated by a dietitian-administered food frequency questionnaire. The frequency of the V162 allele was similar in men with (n=281) and without (n=351) the metabolic syndrome (v 2 =0.03, p=0.84) but was higher in subjects having simultaneously abdominal obesity, hypertriglyceridemia, and low high-density lipoprotein cholesterol (HDL-C) levels (v 2 =3.73, p=0.05). Carriers of the V162 were characterized by higher plasma apolipoprotein B and triglyceride (TG) levels (p=0.10, p=0.004). In a model including the PPARa-L162V polymorphism, fat or saturated fat, its interaction, and covariates (smoking habits, and energy and alcohol intake), the interaction explained a significant percentage of the variance observed in waist circumference (p<0.05). In conclusion, the PPARa-L162V polymorphism alone or in interaction with dietary fat intake is associated with components of the metabolic syndrome.
Introduction
The metabolic syndrome was first described by Reaven (1988) . More recently, the National Cholesterol Education Program-Adult Treatment Panel III (NCEP-AT-PIII) guidelines proposed criteria for the identification of the metabolic syndrome as the presence of three or more of the following components: abdominal obesity, hypertriglyceridemia, low high-density lipoprotein cholesterol (HDL-C) concentrations, hypertension, as well as elevated fasting glucose levels (2001). Ford et al. analyzed data from the Third National Health and Nutrition Examination Survey and estimated using the NCEP-ATPIII criteria that the age-adjusted prevalence of the metabolic syndrome in the U.S. population was 23.7% (Ford et al. 2002) . The prevalence was dramatically increased with age, as 43.5% of the population aged 60-69 years exhibited the syndrome (Ford et al. 2002) . Several lifestyle habits may predispose to the metabolic syndrome. Among them, there is evidence that quality and quantity of fatty acids could play a key role in the development of the metabolic syndrome (Grundy et al. 2004; Kris-Etherton et al. 2001) . There is also evidence from family and twin studies for the involvement of genetic factors in the etiology of this condition (Bouchard 1995) .
Peroxisome proliferator-activated receptors (PPARs) are members of the superfamily of nuclear hormone receptors (1999) . To be active, PPARs heterodimerize with the retinoid X receptor (RXR) and bind to the peroxisome proliferator response element (PPRE) of target genes. Three different PPAR genes have been identified so far (a, d, and c) (Schoonjans et al. 1996a) . PPARa is mainly expressed in the liver, kidneys, heart, as well as muscle (Auboeuf et al. 1997; Braissant et al. 1996) , and it regulates many genes involved in the transport and oxidation of fatty acids (Aoyama et al. 1998; Pineda et al. 1999) . Ligands of PPARa include long-chain fatty acids, eicosanoids, and hypolipidemic drugs such as fibrates (Krey et al. 1997; Lehmann et al. 1997) . It has been well documented that fibrates lower plasma triglyceride (TG) and promote elevation of HDL-C concentrations (Staels et al. 1998) . Therefore, PPARa is a potential candidate gene that may influence the risk of developing the metabolic syndrome.
We previously reported a mutation in the gene encoding PPARa, which results in the substitution of a valine for a leucine in codon 162 (Vohl et al. 2000) . In the French Canadian population, the PPARa 162L fi V mutation was associated with higher plasma low-density lipoprotein cholesterol (LDL-C) as well as higher apoprotein B (apo B) levels. The V162 allele was also associated with higher levels of total cholesterol (Flavell et al. 2000; Lacquemant et al. 2000; Tai et al. 2002) , LDL-cholesterol (Tai et al. 2002) and apo B levels (Lacquemant et al. 2000; Tai et al. 2002) in other studies. Previous studies demonstrated that although the V162 allele was associated with lipid abnormalities, carriers of the less common allele were not at increased risk of developing cardiovascular disease or diabetes (Flavell et al. 2000; Tai et al. 2002; Vohl et al. 2000) . However, none of those studies examined the risk of developing the metabolic syndrome. Furthermore, since fatty acids are ligands for PPARa, we hypothesized that the effect of the PPARa-L162V polymorphism on components of the metabolic syndrome may be influenced by the amount of fat from the diet.
The aim of the present study was to compare the frequency of the PPARa-L162V polymorphism in a sample of men with and without the metabolic syndrome as defined by the NCEP-ATPIII guidelines. The second objective was to evaluate gene-diet interaction effects on features of the metabolic syndrome.
Materials and methods

Subjects
The study sample originated from the Saguenay-Lac-StJean (SLSJ) region located in the northeastern part of the province of Quebec. A total of 632 unrelated men were recruited through the Chicoutimi Hospital Lipid Clinic. Subjects were excluded if they were diagnosed with type 2 diabetes, type III dysbetalipoproteinemia, familial hypercholesterolemia, and familial combined hyperlipidemia. Type 2 diabetes was diagnosed according to the WHO criteria (World Health Organization 1985) . The diagnosis of familial hypercholesterolemia was based on the following: (1) the presence of a mutation in the LDL receptor gene; (2) the presence of a mutation in the LDL receptor gene in a first-degree relative and either typical tendinous xanthomata or plasma LDL-C above the 95th percentile in the absence of a secondary cause of hypercholesterolemia; or (3) LDL-C above the 95th percentile as well as tendinous xanthomata and a family history of raised plasma LDL-C transmitted in an autosomal dominant pattern. The following criteria were used to exclude subjects with familial combined hyperlipidemia: plasma cholesterol and triglyceride levels above the 95th and 90th percentile for age and gender, and a positive family history of hypertriglyceridemia and/or hypercholesterolemia in first-degree relatives. Type III dysbetalipoproteinemia was diagnosed using the classification of Frederickson, Levy, and Lees, which is based on the visual aspect of the plasma, on total cholesterol and triglyceride levels, and on the results of a plasma electrophoresis. The presence of tendinous xanthomata and the E2/E2 genotype were also useful to diagnose type III dysbetalipoproteinemia. A total of 281 men (44.5%) presented at least three components of the metabolic syndrome as defined by the NCEP-ATPIII (2001). While 24.1% presented only three components, 16.6% showed four components and 3.8% were characterized by all five features of the metabolic syndrome. Written informed consent was obtained from all participating subjects, and the Medical Ethics Committees of Laval University and Chicoutimi Hospital Lipid Clinic approved the protocol.
Biological variables
Blood samples free of medication were obtained from an antecubital vein into vacutainer tubes containing EDTA in the morning after a 12-h overnight fast . Blood samples were centrifuged within 1 h and the plasma frozen (À80°C) until analysis. Plasma cholesterol and TG were measured using enzymatic assays (Burstein and Samaille 1960; McNamara and Schaefer 1987) . LDL-C was calculated (Friedewald et al. 1972) . The HDL-C fraction was obtained after precipitation of LDL particles in the infranatant with heparin and MnCl 2 (Burstein and Samaille 1960; Havel et al. 1955) . Apo B concentrations were measured in plasma by the rocket immunoelectrophoretic method of Laurell (1966) , as previously described (Moorjani et al. 1987) . Serum standards were prepared and calibrated against reference sera obtained from the Centers for Disease Control and Prevention (Atlanta, GA, USA). Plasma glucose concentration was enzymatically measured (Richterich and Dauwalder 1971) . Fasting insulinemia was measured by RIA with polyethylene glycol separation (Desbuquois and Aurbach 1971) . Body weight, height, and body mass index (BMI) were recorded. Waist circumference was measured according to the procedure recommended at the Airlie conference (Callaway et al. 1988) . Resting blood pressure measurements were performed after the subjects had a 5-min rest in a sitting position, phases I and V of Korotkoff sounds being used for systolic and diastolic blood pressures, respectively.
DNA analysis
Genomic DNA was extracted using the Qiagen extraction kit (San Francisco, USA). Determination of the PPARa-L162V genotype was performed using the polymerase chain reaction-restriction length polymorphism (PCR-RFLP) method as previously described by Vohl et al. (2000) .
Nutritional assessment
A quantitative food frequency questionnaire (FFQ) was used to evaluate fat and saturated fat intake. A trained dietitian administered this 48-item FFQ to participants. The dietitian asked the subjects to recall average use over the last year. The frequency of food consumption was based on the number of times items consumed per day, per week, or per month. The dietitian also asked to the participants additional information regarding quality and quantity of dietary fat, if necessary. Nutrition Data System for Research (NDS-R) version 4.02 (developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA, Food and Nutrient Database 30, published in November 1999) was used to calculate nutrients.
Statistical analyses
Variables not normally distributed (TG, fasting insulin) were log 10 transformed. Subjects were grouped on the basis of their PPARa-L162V genotype as homozygotes for the L162 allele (L162/L162) or carriers of the V162 allele (L162/V162 + V162/V162). The association between the PPARa-L162V genotype and components of the metabolic syndrome was evaluated by Student's t test. Analyses of variance were used to adjust for confounding variables. The chi-square (v 2 ) test was used to compare allele frequency between men with and without the metabolic syndrome. Partial Pearson correlation coefficients were used to quantify the age-adjusted interrelationships between components of the metabolic syndrome (HDL-C, TG, waist circumference, fasting glucose levels, and diastolic and systolic blood pressure) and total fat and saturated fat intakes within each genotype group. The gene-diet interactions were evaluated by analyses of covariance using the general linear model procedures. In the model, the PPARa-L162V polymorphism, the fat or saturated fat intake, the interaction term, and confounding variables (age, smoking habits and alcohol and energy intake) were included. The source of variation in metabolic parameters was computed using the type III sum of squares. This sum of squares applies to unbalanced study designs and quantifies the effects of an independent variable after adjustment for all other variables included in the model. All the analyses were performed with SAS (SAS Institute, Cary, NC, USA). A p value £ 0.05 was used to identify a statistically significant result.
Results
The frequency of the V162 allele reached 10.6%, which is similar to what was previously reported for a nondiabetic study sample also from the region of SLSJ (Vohl et al. 2000) . The genotype distribution was not different from Hardy-Weinberg expectations. Table 1 presents subjects' characteristics, including features of the metabolic syndrome, according to the PPARa-L162V genotype. The group of subjects carrying the V162 allele had higher plasma TG levels than L162/L162 homozygotes (p=0.004). Moreover, total apo B concentrations also tended to be higher among carriers of the V162 allele, although these results did not reach statistical significance (p=0.10). Results remained unchanged after adjustment of lipoprotein/lipid, insulin, and glucose levels, as well as blood pressure for the effect of age or for age and BMI. We subsequently compared the frequency of the V162 allele in subjects with and without the metabolic syndrome using criteria defined by the NCEP-ATPIII (2001). The frequency of the V162 allele in the group of men with less than three components of the metabolic syndrome was similar to the one of the group of men with three or more components of the metabolic syndrome (v 2 =0.03, p=0.84). However, the frequency of the V162 allele was higher in men having simultaneously abdominal obesity (waist circumference above 102 cm), hypertriglyceridemia (>1.7 mmol/l), and low HDL-C concentrations (<1.04 mmol/l) [(v 2 =3.73, p=0.05)]. The allele frequency was 8.3% in men without these three features of the metabolic syndrome (n=147) but reached 13.0% in men with these characteristics (n=139). Furthermore, we evaluated the effect of the PPARa-L162V polymorphism on the relationship between diet and components of the metabolic syndrome. Fat and saturated fat intakes were not different between the two genotype groups, and the mean fat and saturated fat intake in the whole sample were of 92.5 g/day and 35.0 g/day, respectively. First, age-adjusted Pearson correlation coefficients were computed for each PPARa-L162V genotype group. Fat intake was significantly associated with waist circumference but only in L162/ L162 homozygotes (Fig. 1) . These correlations were not observed among carriers of the V162 allele. Similar results were obtained with saturated fat intake (L162/ L162: r=0.23, p=0.001 and for carriers of the V162 allele r=0.02, p=0.87, not shown).
To further explore the effect of diet on components of the metabolic syndrome, we performed covariance analyses within a model including the PPARa-L162V polymorphism, fat intake, the interaction term, age, smoking habits, as well as energy and alcohol intake ( Table 2 ). Since age was not a significant contributor to the model, this variable was excluded. However, similar results were obtained when age was included. The polymorphism and the fat · PPARa-L162V polymorphism, respectively, explained 1.95% and 2.32% of the variance in waist circumference (p<0.05) ( Table 2) . Similar results were obtained with saturated fat intake. The PPARa-L162V polymorphism and its interaction with saturated fat explained 2.05% and 2.71% of the variance in waist circumference. There was no other gene-diet interaction effects on other components of the metabolic syndrome (TG, HDL-C, and fasting plasma glucose levels, as well as blood pressure). Figure 2a ,b shows the effect of fat intake or saturated fat intake on waist circumference according to the PPARa-L162V genotype. Low fat or saturated fat intake was associated with lower waist circumference in L162/L162 subjects. In those subjects, a higher waist circumference was observed in subjects consuming a diet rich in fat or saturated fat. However, among carriers of the V162 allele, these relationships were not observed.
Discussion
The metabolic syndrome is associated with a greater risk of developing cardiovascular disease, the leading cause of death in Canada and United States (American Heart Association 2002; Heart and Stroke Foundation 1999). Multiple factors are involved in this pathophysiology, and genetic components may play a key role (Bouchard 1995) . In this regard, we compared the frequency of the PPARa-L162V polymorphism in a sample of men with and without the metabolic syndrome. To the best of our knowledge, this is the first study to test this association. The frequency of the V162 allele in the population studied was 10.6%, which is similar to the one reported in other Caucasian populations (Vohl et al. 2000) , and the frequency of the V162 allele was higher in men simultaneously having abdominal obesity, hypertriglyceridemia, and low HDL-C concentrations. These results suggest that carriers of the V162 allele may be at increased risk to simultaneously exhibit abdominal obesity, hypertriglyceridemia, and hypoalphalipoproteinemia, which are known risk factors for cardiovascular disease. PPARa is a key regulator of fatty acid flux, underlying its possible role in the development of the metabolic syndrome. PPARa stimulates liver-fatty-acidbinding proteins (L-FABP) and fatty acid transport protein-1 (FATP-1) , proteins of the transport and binding of fatty acids (Frohnert et al. 1999; Motojima 2000) . Moreover, PPARa regulates genes involved in fatty acid oxidation such as the liver acyl-CoA oxidase (AOX) and the carnitine palmitoyltransferase (CPT) gene (Mascaro et al. 1998; Osumi et al. 1991) . Activation of PPARa by ligands such as fibrates induces the expression of lipoprotein lipase (LPL) and inhibits the expression of apo CIII, an LPL activity inhibitor (Schoonjans et al. 1996b ), which in turn favors lipolysis and TG-rich lipoprotein catabolism, thus decreasing plasma TG levels. PPARa also induces protein levels of the scavenger receptor (SR) class B type I (SR-BI), a receptor involved in the reverse cholesterol transport pathway (Chinetti et al. 2000) .
In the present study, we also observed that carriers of the V162 allele tended to exhibit higher apo B levels, a finding previously reported by Vohl et al. (2000) , as well as by Tai et al. (2002) . In contrast to other studies, we observed higher plasma TG concentrations among carriers of the V162 allele (Flavell et al. 2000; Tai et al. 2002) . It is possible that PPARa activity is influenced by polymorphisms in genes regulated by PPARa and, Open circles represent V162 carriers (L162/162V + 162V/162V), whereas black circles represent L162/L162 homozygotes. The means ± SE for each group are presented therefore, explain discrepancies between studies. Indeed, Tai et al. showed that the PPARa-L162V polymorphism interacts with the C3238G polymorphism in the apo CIII gene to modulate plasma levels of TG-rich lipoproteins (Tai et al. 2002) . In light of these results, one may believe that the higher frequency of the V162 allele observed in men showing hypertriglyceridemia, abdominal obesity, and low HDL-C levels simply reflects the association with plasma triglycerides. However, a similar trend was obtained when the analysis was performed only with plasma HDL-C and waist circumference (v 2 =3.80, p=0.05).
Previous studies have shown that the L162V polymorphism was not associated with a greater risk of cardiovascular diseases nor with diabetes (Flavell et al. 2000; Tai et al. 2002; Vohl et al. 2000) . However, these studies did not take into account dietary fat intake. It is now well documented that environmental factors such as diet interact with the genetic background to modulate metabolic parameters. Thus, we verified whether dietary fat intake could modulate the association between the PPARa-L162V polymorphism and components of the metabolic syndrome. It was relevant to examine the effect of fat on these associations, considering the role of fatty acids as ligands of PPARa. As observed in the general population, waist circumference was increased with higher intake of dietary fat in L162/L162 homozygotes. However, waist circumference was not influenced by the dietary fatty acids intake among carriers of the V162 allele, suggesting a potential gene-diet interaction effect between the PPARa-L162V polymorphism and fat intake.
It has been demonstrated that long-chain polyunsaturated fatty acids are good ligands for PPARa (Krey et al. 1997) . Fatty acids bind to the PPARa gene and PPARa heterodimerizes with RXR to activate target genes. Further evidence suggests that other fatty acids may transactivate the PPARa gene. In a study performed by Xu et al., saturated fatty acids with chain lengths of 16-18 carbon units were able to bind to PPARa to the same extent as polyunsaturated fatty acids with the corresponding lengths, and those with 20 carbon units such as eicosapentanoic and arachidonic acids (Xu et al. 1999) . Palmitic (C16) and stearic (C18) acids are the most common saturated fatty acids in the diet, along with myristic acid (C14). Thus, a diet rich in saturated fatty acids may result in a higher transactivation of the PPARa gene. However, whether plasma concentrations of fatty acids from the diet are sufficient to bind to PPARa and thus explain the gene-diet interaction observed remain to be defined.
In addition, transient transfection assays using a PPRE-containing reporter gene construct have demonstrated higher transactivation activity in PPARa carrying the V162 allele when treated with a PPARa agonist (Flavell et al. 2000; Sapone et al. 2000) . Since PPARa induces fatty acid uptake and catabolism via activation of several mitochondrial fatty acid-catabolizing enzymes (Mascaro et al. 1998; Osumi et al. 1991) , increased fat oxidation in carriers of the V162 allele may promote less accumulation of adipose tissue leading to decrease obesity. Recent work by our group has reported lower adiposity among carriers of the V162 allele, and these associations were stronger in women (Bosse et al. 2003) . Moreover, PPARa-deficient mice showed a late onset obesity (Costet et al. 1998) . It has also been observed in a study by Guerre-Millo et al. (2000) that fenofibrate treatment in C57BL/6 mice (a rodent model of insulin resistance) prevented the high-fat-diet-induced increase in body weight and adipose tissue mass.
Studies evaluating the effect of a gene-diet interaction on variables associated with the metabolic syndrome, such as the present study, will inevitably lead to multiple testing. Indeed, the results should be interpreted with caution and require replication. The study should therefore be considered as exploratory, generating hypotheses rather than testing hypotheses.
In summary, this is the first study to report gene-diet interaction between the PPARa-L162V polymorphism and dietary fat intake. Although this study reports results from a cross-sectional design, these observations provide further information on the role of the PPARa-L162V polymorphism in the metabolic syndrome. These results suggest that carriers of the V162 allele may be at increased risk to develop some components of the metabolic syndrome and indicate that the PPARa-L162V polymorphism possibly modulates the association between dietary fat intake and abdominal obesity. The present results underline the relevance of gene-diet interaction study in the understanding of the etiology of the metabolic syndrome.
